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Abstract: The traditional carbon-based approach towards sustainability has long caused the concepts
of green and sustainable energies to be used interchangeably. Recent studies have tried to advance
this archaic view by considering more aspects of sustainability. However, almost all major studies
have been concerned with only the economic and environmental aspects of electricity generation,
whereas the concept of sustainability is beyond these two criteria. In this paper, we seek to provide
a methodology for a more comprehensive definition of electricity generation sustainability based
on the lessons learned from previous studies and additional metrics suggested by them. The main
characteristics of select electricity generation technologies were studied, and their environmental,
economic, social, and technical criteria as well as the uncertainties associated with them were selected
as the four major factors in our paper. It has also been argued that the utilization of regional resources
in addition to the inherent characteristics of electricity generation technologies is vital in providing a
realistic view of sustainability. Of the sustainability assessment methods previously introduced, the
Relative Aggregate Footprint (RAF) method was used in conjunction with the previously selected
criteria as the basis of the study due to its ability to incorporate additional criteria and regional
considerations. As such, the framework for sustainability assessment presented in this research
accounts for major criteria identified in the literature and takes the available regional resources
that affect the feasibility of each electricity technology into account. This study paves the way for
the presentation of new guidelines for the creation of more comprehensive electricity generation
sustainability measures to distinguish between the concepts of green and profitable vs. sustainable
energies to support the development of sustainable energy portfolios.
Keywords: energy sustainability; green energy; carbon emissions; cost of energy; energy portfolio;
resource availability
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1. Introduction

Publisher’s Note: MDPI stays neutral

The idea of tracing the footprint of the human impact on the earth is indeed one that
dates back a few decades [1,2]. With renewable energies gaining popularity, the concept
of how energy sources impact the environment [3] was initially only focused on carbon
emissions and how they vary from one technology to the next. Initially, the lower carbon
emissions of renewable energies made them synonymous with green energies. However,
the concept of energy sustainability goes beyond carbon and embodies other criteria and
available natural resources, in addition to their proper utilization. Hence, it is important
for the key criteria that play a major role in energy sustainability to be identified and taken
into consideration.
The sustainability of energies (and electricity generation in particular) has been discussed numerous times in the past decades. Each study, however, has looked at the issue of
energy and its sustainability through the particular lens of the authors’ area of expertise.
The water–energy nexus works of [4], for example, focus on the allocation of energy to
provide water, while [5–7] look at the same issue from the opposite direction: the allocation

with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Sustainability 2022, 14, 4506. https://doi.org/10.3390/su14084506

https://www.mdpi.com/journal/sustainability

Sustainability 2022, 14, 4506

2 of 28

of water for energy generation. In this regards, ref. [8] emphasizes the need for electricity
generation to be reshaped based on water consumption and carbon emissions. In [9–12],
the authors look at energy production with the aim of maintaining market sustainability,
while [13–15] consider the technological and economic sustainability of the power plants
themselves and the need for newer renewable electricity generation methods with lower
carbon emissions. Other studies such as [16] look at the sustainability of energy sources in
their ability to provide food or even the combined water–food–energy nexus under various
scenarios [17–21]. In addition to these, other factors such as the social impact of electricity
systems [22] or the risk of providing the required resources for electricity production [23,24]
have been proposed as other considerations in the definition of sustainability. As a result
of these disjointed studies carried out with vastly different mindsets, the definition of
sustainability remains unclear, with the general public and activists still naively associating
it solely with carbon emissions [25], vilifying power companies and industries for their
selfishness in polluting the environment in the process. The notion of sustainability may be
difficult to define as shown by these studies, but it certainly should not be limited to the
environmental factors. Other criteria need to be considered to broaden its definition.
Recent studies have addressed these shortcomings by introducing numerous new
sustainability indices and indicators as can be seen in the works of [26–29]. While the
introduction of newer indicators seems like an improvement at first glance, they are not
based on well-known previously introduced metrics in the literature. Likewise, most of
these newer indices are based on the authors’ definitions of sustainability with the goal of
capturing as many criteria as possible as opposed to using the lessons learned from previous
studies. Furthermore, these indices are based on different assumptions which make their
utilization tricky and their results incomparable to each other. As such, a wise approach
would have been to modify an already existing and well-established sustainability metric
as opposed to introducing a new one.
Aside from the inherent uncertainties with the definition of energy sustainability, most
of the previous studies fail by not considering the region where energy is to be used. As
an example, the black and white approach to sustainability by looking only at carbon
fails to justify the use of low-tech electricity sources in remote locations without access
to other electricity sources or cleaner technologies. All the while, a proper definition of
sustainability should be clear enough to consider both the environmental pollution of such
older technologies, as well as the added social welfare that accompanies them. In addition,
factors such as regional availability of fuel for power plants and the trade-off between
using regional resources and purchasing them from neighboring states or countries are
among other regional considerations that traditional definitions of sustainability have no
answer for aside from economic analysis. As such, the omission of regional resources is
another point where most studies fall short of reality.
Despite these shortcomings, some studies propose novel approaches such as looking
at sustainability via the lens of reliability and resilience of the system [30], but perhaps the
most comprehensive foundation has been laid out by [31] where a sustainability index (Relative Aggregate Footprint—RAF) has been introduced by considering the environmental
and economic characteristics of electricity generation technologies. While the definition of
RAF may not include a wide range of criteria, it addresses issues such as regional resource
availability or uncertainty in data and decision making. As such, their approach has been
chosen as the core of the sustainability definition framework presented in this paper. This
research aims to look at the concept of electricity generation sustainability more broadly
and define it by looking further than the environmental aspects. As such, economic, technical, and social aspects of electricity generation technologies are also taken into account, as
well as the characteristics of the region where the technologies are to be used, to provide a
clearer picture of available resources and how to best allocate them.
Finally, in defining sustainability, a distinction needs to be made between the use of
terms such as clean, green, renewable, and sustainable energies, especially when more
than 20 different definitions have been recorded for them in the literature [32]. The carbon-
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based definition of sustainability has no doubt led to these words being used arbitrarily
and interchangeably by many researchers [33]. Generally, clean energies are attributed to
carbon-free options, whereas renewable energies are the options with naturally replenishing
resources. A notable example of these terms not being equal is the case of nuclear energy
and biomass, with the former being a clean energy with small carbon emissions but not
renewable, and the latter being a renewable source, despite generating carbon emissions.
On the other hand, green energies are a subset of renewable energies with the highest
environmental benefits [34]. However, sustainability is often described as the ability to
strike a balance between creating a better life for the human race on one hand and dealing
with the limitations imposed by nature on the other hand [35], making it a more noble
concept that is fundamentally different than the rest of the aforementioned keywords.
In practice, energy users usually define these terms based on their own goals and
agendas. Most states in the United States now employ a renewable portfolio standard
(RPS) as a means of diversifying electric utilities by including renewable sources. The
same standard is sometimes known as the Clean Energy Standard (CES) in other locations.
In the US, renewable portfolio standards were first utilized in the 2000s with the aim of
allocating a portion of total energy generation to renewable energies. Despite the energy
production goals, most states using renewable portfolios either have no preference towards
a particular energy type at all, or only have classified select technology tiers rather than
a coherent energy portfolio [36]. These issues are exacerbated by knowing that less than
half of the American states have developed a renewable energy portfolio. Furthermore,
the omission of heterogeneity in the development of renewable energy portfolios has
led to similar characterization of energies and often identical portfolios regardless of
differences [37]. As such, in practice, the need to study energy suitability based on the
region, their available resources, and needs remains in place.
As a result, the goal of this study is to compile a collection of metrics based on the
RAF method that states can use to compare the sustainability of electricity generation
technologies and develop sustainable electricity portfolios. These metrics are spread out in
various groups to account for the environmental, economic, social, and technical footprints
of electricity generation technologies and are chosen per suggestions of previous research
carried out in each field. Moreover, the regional characteristics and resource availability
have been mentioned in addition to the specific energy-related attributes to provide a
more realistic view of energy sustainability in each region by distinguishing among green,
renewable, and sustainable energy technologies. In most previous studies, only the inherent
characteristics of electricity generation technologies have been taken into account, and
the specifics of the region are rarely a factor. The metrics mentioned in this study can be
used in sustainability analysis of energy technologies for a more comprehensive vision
of sustainability.
2. Chosen Energies
Next we provide a short introduction to the energy types chosen to be compared in
this study. The choice of energies is important in determining what sustainability factors
are to be considered. This especially affects the fuel and supply sources of the energies.
Of course, the list of energies mentioned here is not exhaustive, but the majority of the
commercially available technologies are considered.
2.1. Biofuels
Biomass resources are one of the oldest forms of energy production, an example of
which is the burning wood, which has decreased dramatically throughout the years due to
the introduction of coal, oil, and natural gas as alternative sources of energy. However, the
use of biofuels comes with the ability to better manage fuel prices in case of fluctuations
in the price of other available sources [38]. Currently, the main sources of biofuels are
plants, genetically engineered algae, by-products from agricultural activities, methane
gases from landfills, or the oil that comes from these sources [39,40]. Another advantage
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of biofuels is their ability to use residues and by-products of other processes as fuel, thus
reducing the overall emissions of said processes [41]. The yield of biofuels is dependent on
the crop being used, with corn having the smallest yield of conventional bioenergy and
cellulose having the highest. In addition, biomass energy produces carbon, nitrogen, and
organic compounds and particulates as by-products that can have adverse effects on air
quality and global warming in larger quantities [42]. This is also dependant on the source
of energy such that using bioenergy can increase carbon emission up to 20% in the case of
corn or decrease it by upwards of 120% in the case of cellulose, making the choice of crop
an important consideration [43]. Overall, the sustainability of biofuels is a function of the
materials used as fuel, the supply chains in place, management strategies, and policies in
place [44].
2.2. Solar
Solar energy started becoming a major source of electricity in the past decade, and its
usage is projected to grow slowly but steadily. In reality, however, the energy from the sun
has been taken advantage of even in the past century due to the simplicity of the process
with its most dominant use being for heating water. Using the energy from the sun to heat
water is currently popular in many countries including Germany [45].
For electricity production, solar energy can be used in two forms: Solar thermal and
solar photovoltaic (PV). Solar thermal technologies employ the heat from the sun to run
electric generators. The fact that the United States is the second largest producer of solar
thermal energy in the world [46], shows that the US understands the potential for solar
power. In these systems, the sun bounces off parabolic mirrors and is directed to a central
tube that is filled with air, vapor, synthetic oil, molten salt, or liquid sodium, heating it in
the process [47]. As such, this system is called Concentrated Solar Power (CSP). The hot
contents of the central tube later transfer their heat to a source of water to generate steam
and drive a turbine. One of the advantages of using molten salt or synthetic oil over water
is that they can hold more thermal energy and enable the power plant to keep producing
power even when the sun is not shining. For example, the Gemasolar power plant in Spain,
which uses molten salt, is capable of producing uninterrupted electricity for 24 h. However,
if these systems remain idle for a long time, heating them back up takes a considerable
amount of time and energy. Another issue with solar thermal energy is the effects it can
have on wildlife, threatening the habitats of desert creatures and scorching birds that fly in
the vicinity. Finally, the output of solar thermal plants relies on sunshine. Therefore, due
to cloudy days and bad whether, their production seldom reaches its ideal peak. Lastly,
for the solar thermal plants to work, large areas of land are required, which increases their
land-use footprint.
Solar PV is the other form of solar energy that uses solar cells to convert solar radiation
directly to DC electric energy and is the type of solar power with considerable growth
in the past decade. The US, South America, North and South Africa, the Middle East,
and Australia are some of the regions with the highest PV potential [48]. In the US, the
Southwest has the highest solar PV potential, and the northern areas have the lowest
potential. Currently, the manufacture of panels and batteries are the two items that drive
up the cost of solar panels. Some countries such as Germany choose to install solar panels
next to highways on land that is otherwise unsuitable for farming or other uses to save on
the land footprint. The obvious problem with solar PV is its inability to generate power at
night, which makes it an unsuitable choice to provide the baseload. In addition, just like
CSP, the actual electricity generation of PV energy is reliant on the sunshine.
2.3. Wind
Wind energy is probably the fastest growing renewable energy source worldwide,
with its commutative capacity having been multiplied by a factor of 10 since the 1990s [49].
Wind is also one of the cheapest renewable energy sources available on the market today,
especially in the long run. China has the largest installed wind capacity in the world,
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followed by the US. The fastest growth in wind energy can also be seen in China. In the
US, the central regions have the highest onshore wind capacity, and the northeastern and
northwestern coasts have the highest offshore wind capacity [50]. About 0.5 percent of
solar energy ends up forming winds, so wind ultimately can be considered an alternative
form of solar energy. The minimum wind speed required for wind turbines to be feasible is
7 mph at an altitude of 80 m, but in practice, wind farms are constructed in areas with an
average wind speed of 12 mph. Because of the slow-moving speed of wind turbines, some
of them come with transmissions to adjust the speed of the generator, but the lubricant in
these transmission can sometimes be a fire hazard at higher speeds. More modern wind
turbines also have the ability to adjust the pitch of their blades towards wind to increase
efficiency [51].
In addition to onshore wind, offshore wind is also another alternative that offers a
higher potential of power production than its terrestrial counterpart [52]. Sadly, the US
is completely missing from the list of major offshore wind farms in the world with most
major offshore wind farms being located in the North Sea. Offshore wind turbines are
in constant danger of corrosion by seawater that can cause both structural and electrical
disruptions. The requirement of large transmission lines is also another disadvantage of
offshore wind turbines.
Perhaps the most dominant disadvantage of wind farms is their disruption of the
natural landscape. In addition, making room for onshore wind farms sometimes requires
the felling of trees which has its own environmental consequences. Furthermore, the
general issue with all types of wind turbines is their low capacity factors that often lie in
the 25 to 50 percent range [53]. In addition, due to the fluctuations of the wind in different
hours of the day and in different seasons, the actual production of wind turbines is much
lower than their nominal capacity. This requires huge capacities to be installed, with only a
small percentage of which is used to the full potential at any given time.
2.4. Hydropower
While hydropower is a rather clean source of energy, it is not considered a green energy
by many sources [54–56]. This is due to the reservoir changing the sediment structure of
the bed surface, jeopardizing terrestrial and aquatic species in the vicinity, as well as its
high water demand. In particular, the construction of dams has the potential to displace
a large number of people and comes with social ramifications. Hydropower is one of the
oldest sources of energy with watermills dating back hundreds of years. In 2018, 9 out
of the 10 largest power plants in the world were hydropower plants [57], which shows
hydropower’s high potential for electricity generation. The Three Gorges Dam in China
with a capacity of 22,500 MW, for example, is the equivalent of about 32 regular coal power
plants. However, US energy generation data in the past decade shows that the share of
hydropower in the total electricity production has not grown considerably. At the same
time, Chinese hydropower has almost doubled. Globally, the increase in hydropower
electricity production has almost been increasing on a linear basis. Overall, hydropower
plants have the potential to replace many of the older greenhouse-gas emitting power
plants and save considerably on noxious gases and fossil fuels.
In short, hydropower is an almost carbon-emission-free [58] and renewable source of
energy with high electricity conversion efficiencies of up to 80% [53] which can be used
to supply the baseload of electricity. It is also versatile and can be scaled from as low as
10 kW to 20,000 MW. The operating and maintenance cost of hydropower plants are lower
than most other competitors, and they have the advantage of long lifetimes [59]. On
the other hand, using hydropower requires a large water footprint [60] and causes the
inundation of large portions of land which can have social impacts due to people being
displaced. Hydropower’s output can vary due to rainfall, and therefore, a level of flooding
risk is associated with it. Due to disruptions in natural water flow, hydropower plans
can impact aquatic ecology and oxygen depletion in water. Hydropower generation often
requires high capital costs and construction can take long amounts of time. The limiting
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factor of hydropower in many countries, however, is the limited available land and not
enough valleys to flood, which hampers its implementation.
2.5. Coal
Coal is a rather old means of electricity production, and only a small percentage of
today’s largest power plants operate on coal; however, the high use of coal in developing
countries is still noticeable [61]. The US is rich in coal reserves and more than half of the
states house recoverable reserves [62]. The use of coal is still noticeable in the US, but
it is on the decline with the introduction of newer technologies. Less emphasis on coal
production in recent years and more automated extraction processes have resulted in the
drop of the number of people working in the coal industry [63].
Among the greenhouse gases emitted by the coal power plants are sulfur dioxide,
nitrogen oxides, carbon monoxide, carbon dioxide, particulate matters, mercury, lead,
selenium and fly ash [64–66]. However, these emissions have seen a considerable decline in
the past 30 years due to the improvements of technology. Integrated gasification combined
cycle (IGCC) is the newer version of coal power plants that uses a gasifier to turn coal into
syngas, a synthetic gas consisting primarily of hydrogen [67]. The carbon in the syngas can
be shifted to hydrogen which can result in a carbon free-fuel. Furthermore, the resulting
carbon dioxide can be compressed for easier storage. However, the high cost of IGCCs
which can drive up the electricity prices is a hindrance to their use.
2.6. Oil
Oil is mostly used directly for the transportation sector rather than for electricity
generation. However, the conventional internal combustion engines using oil products lack
high efficiencies. Unlike the suggestions made by [68] that the rate of petroleum production
follows a bell-shaped curve, the discovery of newer sources of oil and newer extraction
technologies has kept the oil industry growing. Aside from the conventional sources of oil,
unconventional sources such as oil shales, oil sands, coal-based liquid supplies, biomassbased liquid supplies, and gas to liquid (GTL) have become possibilities [69]. In addition to
using oil as fuel, the Fischer–Tropsh synthesis process can be used as shown in Equation (1)
to convert carbon monoxide and hydrogen into liquid hydrocarbons as an additional source
of fuel.

(2n + 1) H2 + nCO2 → Cn H(2n+2) + nH2 O

(1)

While these new sources provide additional oil, they also impact the environment
because of acid drainage, introduction of metals into groundwater, erosion, sulfur emissions,
and air pollution, as well as disposal problems, greenhouse gas emissions, and water usage.
This adds a layer of uncertainty to the emissions of these new technologies [70].
2.7. Natural Gas
Natural gas can be used for power generation, as well as for transportation, hydrogen
production, and the manufacture of fabrics, glass, steel and many other products. The
burning of natural gas produces 20 percent less carbon dioxide compared to burning
gasoline and 40 percent less compared to coal [71]. In addition, due to the similar nature
of natural gas and coal power plants, older coal power plants can be retrofitted to operate
on natural gas. The efficiency of natural gas turbines is rather high and can range from
30 percent to 60 percent for the variants with heat recovery. Of course, single cycle power
plants are less efficient and therefore more suitable as peaking power plants that operate
only a few hours a day. Currently, combined cycle power generation using natural gas is
the cleanest source of energy using hydrocarbon fuels in terms of carbon emissions [72].
Another advantage of these power plants is their ability to be turned on and off very quickly
which makes them suitable for supplying power over peak demands. The use of natural
gas as a replacement for petroleum is also viable as the efficiency of natural gas engines is
comparable to that of gasoline engines.
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Natural gas can be found in associated (along with oil) or non-associated (isolated)
fields. Newer gas resources such as sour gas, tight gas, shale gas, and coalbed gas also exist,
but using them can be costly and challenging at the current time. The most common form
of natural gas today is probably liquid natural gas (LNG). The energy density of LNG is
2.4 times that of compressed natural gas which makes it an ideal solution for long-distance
transport and in situations where pipelines are not available. The liquid form of gas also
makes it possible to store the natural gas [73], usually in underground storage facilities;
however, leakages in natural gas storage tanks (for example, the Aliso Canyon incident)
are still one of the main concerns [74]. Despite natural gas being regarded as one of the
greener energies, the losses of up to nine percent of stored methane in storage tanks have
a considerable environmental impact, not to mention wasted resources. The issue is not
limited to storage facilities and can be witnessed even in urban areas.
2.8. Nuclear
In nuclear power, exothermic nuclear processes create heat which generates electricity.
In 2016, nuclear fission powered roughly 10 percent of the world’s electricity as well as
numerous naval vessels [75]. France and the United States are the leading producers of
nuclear power in the world, with the Netherlands and Armenia following as the countries
least reliant on nuclear energy [76]. In the southeast US, the state of South Carolina is the
main user of nuclear power and the home to four nuclear plants with the Virgil C. Summer
Nuclear Station being the most important one. This is partly due to the fact that South
Carolina suffers from a lack of gas pipeline infrastructure. Oddly enough, Australia despite
being one of the largest producers of uranium in the world, has no nuclear power plants
in service.
Most conventional nuclear plants are either of the Boiling Water Reactor (BWR) or
Pressurized Water Reactor (PWR) types [77]. In older PWR types, the coolant water also acts
as a moderator and goes past the control rods. Therefore, the water becomes contaminated,
and in case of leaks, the leaking steam will be dangerous. To remedy this, in newer PWR
reactors, boron and control rods are used to maintain system temperature, but the water
that goes through the turbine is not directly in contact with nuclear materials and will not
be radioactive.
With increased awareness towards probable nuclear catastrophes, Germany and Japan
are among countries trying to decommission their nuclear plants [78]. In addition to the
direct catastrophes that may be caused by nuclear plants, disposal of nuclear waste is
another direct issue of nuclear power as it requires the provision of land and specialized
storage grounds and cooling pods.
More optimistically, nuclear energy is rather affordable, with the total fuel costs
(including the fuel itself, enrichment, manufacturing, and disposal) being about 5 to
10 cents per kilowatt-hour [79]. Fuel contributes to about 10 percent of this price, so the
changes in the price of fuel have minimal impact on the final cost of energy.
2.9. Geothermal
Geothermal energy is the energy stored in the Earth’s core in the form of heat. This
thermal energy manifests itself in the form of steam and hot water and has been used
as a source of electricity for decades. Based on [80], the total geothermal capacity of the
Earth has been estimated at 7974 MWe , but as of year 2000, only 0.3% of this amount was
exploited. Extraction of geothermal energy occurs by drilling a hole in the Earth’s crust in
regions where the geothermal gradient is higher than the average of 30 ◦ C/km in depth.
The heat is transferred from the sub-surface regions to the surface via conduction and
convection processes through geothermal fluids in underground aquifers. These hot fluids
(or steam) are then extracted, and depending on their pressure and temperature, they can
be used for electricity generation or heating.
The shortcoming of geothermal energy is the need for three conditions: a thermal
anomaly, a productive geothermal source, and a closed reservoir in an accessible depth

Sustainability 2022, 14, 4506

8 of 28

that is not covered by impenetrable rocks. This greatly limits the viability of geothermal
energy despite its potential. On the positive side, when all the aforementioned conditions
are met, extraction of geothermal energy can be achieved using conventional technologies.
Geothermal energy is generally cleaner than fossil fuels in terms of carbon emissions, but
in reality, its use is dependent on the cost of fossil fuels and carbon taxes.
3. Electricity Generation Footprint and Impact
More often than not, studies focus only on one aspect of electricity generation or on
many aspects of one technology which does not provide the bigger picture for comparing
different electricity generation types [81]. There is more to the concept of sustainability
than carbon emissions and costs. Sustainability is looking at the Earth as a whole and using
its resources efficiently while considering the limitations. Therefore, not all green energies
are necessarily sustainable.
As pictured in Figure 1 based on the data by [82], the current electricity portfolios in
the southeast United States are mostly based on hydrocarbon and nuclear sources with
renewable sources only contributing a negligible amount to total electricity production. To
overcome this shortcoming, some states have incorporated renewable portfolio standards
with the goal of improving the sustainability of electricity generation. However, firstly,
not all states have such standards in place with the states of North and South Carolina
being the only examples with renewable portfolio goals in the southeast United States [83].
Secondly, these portfolios are almost exclusively based on increasing the share of renewable
energies and whether said energies are actually green is not mentioned. This shows that
the states are mostly concerned with lowering their carbon footprints, and other criteria are
not a major deciding factor of their definition of sustainability.

Figure 1. Current energy portfolios in the southeast United States.

As such, the energy impact indexes in the literature are bound by the factors included
in them and may not be all-inclusive. These indexes are usually custom-tailored to consider
one or a few aspects of electricity production in a very detailed manner. Instead, our
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paper tries to include more factors to obtain a more coherent look at benefits and drawbacks of electricity generation methods and their sustainability. The considered factors
are categorized in four groups of environmental, economic, social, and technical, thus
enhancing the traditional way of viewing only the environmental and economic properties
of energies. Figure 2 shows the conceptual framework of how sustainability is defined,
and the major factors that play a role in defining and measuring sustainability, and forming the energy portfolio. Some of these criteria had been suggested before in the works
of [84–86], but a broader range of possible metrics are collected in Figure 2. This enhances
the view on sustainability which was based on environmental and economic factors in
the past. Since different experts have different priorities in terms of factors they deem
important, additional criteria and factors can be added or removed to the list presented here.
In addition, different weights can be specified for each criteria to consider the importance
of each one based on the experts’ opinions.
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Figure 2. The four main criteria for sustainability: environmental, economic, social, and technical
sustainability. The inner layer shows the sustainability factors, while the outer layers depict the
corresponding regional and portfolio factors.

To describe the sustainability of each electricity generation technology, the main chosen
indicator groups (hereafter referred to as criteria) represent the environmental, economic,
social and technical aspects involved in each electricity generation option. Furthermore,
special care was taken to make certain each of these criteria are described by using life
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cycle indicators whenever possible, as these are the most inclusive and therefore capture a
better picture of what is involved in electricity production. Of course, as mentioned, all the
criteria and indicators presented here can be replaced by other factors or removed entirely
based on the discretion of the user.
To complement previous research, in addition to the usual environmental and economic criteria, the social and technological aspects of electricity sources are considered here.
For each criteria, an exhaustive list of factors mentioned in the literature was collected, and
those that were measurable with available databases were chosen. When studying energy
impact, it is important to consider both sustainability and regional factors together. This
helps put the numbers in perspective and helps with the decision-making process. Aside
from the inherent advantages and disadvantages of each electricity generation technology
that dictates their performance, the use of each technology is also dependent on the availability of required resources in a given area. These resources range from the availability
of the fuel source (from sunshine to fossil fuels), to the availability of water, land, social
acceptance, and many more. For example, even if one generation method is identified as
the absolute best choice, as long as the technology for its implementation or the required
fuel is not available in a region, that technology will be rendered ineffective.
Some of the most important of these factors are introduced in this paper, each of
which is directly related to one of the sustainability factors discussed before. Therefore, the
resource availability along with the resource requirements of each electricity generation
technology in a location defines the weight of each criteria in that location. As such, the
chosen factors are a mix of variables that are directly a result of electricity generation
(impact or footprint variables) as well as variables that describe the state of the location
where the electricity generation will take place (resource availability or state variables).
Special care has been taken to make certain that for each footprint variable, there exists a
corresponding variable. These factors are discussed here in more detail.
3.1. Environmental Impact
When studying the environmental factors, the most defining of the factors is the level
of life cycle greenhouse gas emissions. Aside from the direct and indirect greenhouse gas
emissions caused by the operation and construction of power plants, auxiliary emissions
are caused due to opportunity losses (i.e., the emissions caused by older technologies that
could have been circumvented had a greener energy been used instead) and also because
of damages caused to the power plants as a result of accidents or wars. Water and land
footprints are also the staples of environmental sustainability analysis. When analyzing
the water footprint, aside form the quantity of water needed, the changes in the quality
should also be kept in mind. These quality factors include chemical, radioactive, and
thermal pollutants. Emitting greenhouse gases also has adverse effects on the air quality
and increases the air-pollution-related mortality rates. Another source of contamination
is the leakages of fuel from the storage depots or transportation pipelines. Finally, it is
important for the effects of each technology on wildlife and the environment to be taken
into consideration. Unfortunately, not all these factors can be quantified, and of the ones
that can, few have usable databases. As a result, what we describe below is a list of factors
that have the potential to be part of the sustainability analysis.
3.1.1. Life Cycle Greenhouse Gas Emissions
Due to the different nature of electricity generation methods, different types of greenhouse gases are emitted. To better quantify the effects of all these greenhouse gases, the
CO2 -equivalent (CO2e ) values for emissions are used in this study. This is the sum of the
amounts of each greenhouse gas emitted in the process multiplied by the global warming
potential of each. In addition to the greenhouse gas emissions from the process of electricity
generation, emissions due to the planning, construction, and decommissioning phases are
also accounted for in the data. The data used in this research are in terms of gCO2eq /kWh
for all electricity generation methods. The data for life cycle analysis of greenhouse gas
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(GHG) emissions have been presented before in the works of [53,85]. This study suggests
the data by [72] as they seem to be the most comprehensive in terms of including most of
the processes.
The data show that renewable energies generally emit less greenhouse gases, with the
exception of nuclear energy which is on a par with its non- renewable counterparts. The
lowest and highest emissions both belong to hydropower which stresses the importance of
the scale of the power plant.
3.1.2. Carbon Emissions due to Opportunity Losses
As suggested by [85], some electricity generation methods require a rather short time
between their planning and implementation phases, while the same period for others can
take much longer. In the meantime, the existing power plants that are assumed to be
generating more GHGs are still in operation, and the longer the time before newer technologies are implemented, the longer older technologies generate more GHGs. Therefore,
the technologies with lower implementation times are preferable to their counterparts with
longer implementation times. The delays in this period are caused by the time it takes for
the site permit to be issued, financial sources to be found, permits to be issued, and the
construction phase to be completed In addition, retrofitting a plan after its lifetime ends
can further add to the delays and emissions resulting from them.
This time is actually not a constant number as plants of the same type are expected
to take less time to reach their operational phases. Furthermore, the more cleaner energy
sources are in operation, the lower the emissions of GHGs will be over time. This makes
the calculation of this metric a complicated matter. The data in this research come from [85],
where opportunity losses are defined as the subtraction of the downtime emissions of
each technology from the downtime emissions of the technology with the least emissions.
Taking into account the emissions in the downtime rather than the actual downtime, is a
more reliable method to account for how clean the current systems of electricity production
are. Since the available data only give the minimum and maximum values, the median is
calculated by taking the arithmetic mean of the two available numbers. In addition, it is
implied that the data for coal extend to other fossil fuels as well. Thus, unless otherwise
noted by [85], the same numbers are used for oil, natural gas, and coal. It should be noted,
however, that some fossil fuels such as natural gas are cleaner than the other ones, and the
approach mentioned above can be improved with better data. As shown in the data, the
opportunity cost emissions of most renewable energies are either zero or close to it, with
the exception once again being hydropower.
3.1.3. Emissions due to Natural Hazards, War, and Terrorism
Due to nuclear energy becoming more common, ref. [85] suggest considering the
damages caused in case of accidents, war, terrorist attacks, or even natural disasters
involving these facilitates. Depending on the priorities of decision makers, these adverse
effects can either be described by the potential casualties or by the carbon emissions due to
the destruction of facilities and the long-term warming that they cause, the former of which
is recommended by [85]. To estimate the carbon emissions, the countries with nuclear
capability and their nuclear facilities in the vicinity of habitable areas are first identified.
Then, the damages caused by the potential destruction of each of these facilities (which is
proportional to their size) is multiplied by a risk factor. The carbon content of the nearby
cities is finally used to estimate the total carbon emissions caused by a nuclear explosion.
The final results are reported as the grams of equivalent emitted CO2 per each kilowatt of
released energy.
3.1.4. Storage and Transmission Losses
The emissions caused by storage losses due to leakages has been studied by [85]
as well. However, he only considers the leakages associated with carbon capture and
sequestration (CCS) on coal plants. As mentioned by [74], leakage in natural gas storage
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facilities is another important source of emissions that is also considered in the estimations.
Leakage are defined as the amount of CO2 that escapes underground formations or storage
facilities due to earthquakes. From the given description, it is apparent that accidents,
storage tank malfunctions, and natural leakages from crevices in the structures are not
considered in this estimation (as is normally the case in natural gas storage tanks and
pipelines). For the estimation of this factor, ref. [85] first estimated the total amount of CO2
in a geological formation, and then multiplied it by the leakage rates 1% and 18% as lower
and higher estimates. He then compared the amount of leaked carbon with the amount
of emissions caused by the same mass of carbon in a power plant with CCS equipment to
estimate the mass of released carbon per each kilowatt of energy. While this method is not
flawless and fails to take into account other sources of leakages, its results are used in this
research mainly because more accurate data are not available.
3.1.5. Adjusted Carbon Footprint
To obtain a better and more generalized metric of the carbon footprint, the emissions
due to opportunity losses, war and terrorism, and storage losses were added to the life
cycle greenhouse gas emissions to adjust it for the aforementioned cases. The resulting
metric is named adjusted carbon footprint and will be the main metric in this research
for considering greenhouse gas emissions. Equation (2) shows how this new metric was
calculated. The result of Equation (2) offers a slight improvement to the general values of
carbon emissions often found in the literature and are given in the Appendix A as part of
Table A1.
Adjusted carbon footprint =life cycle carbon footprint+
Opportunity losses emissions+

(2)

War or terrorism emissions + Leakage emissions
3.1.6. Regional Carbon Emissions
The use of energies with a high carbon footprint is particularly undesirable if the
regional emission rates are already high. As such, carbon dioxide emissions in each location
were also considered as an additional factor to scale the carbon emissions of each technology.
As a measure of greenhouse gas emissions, the per capita carbon emissions (tons/cap)
within the area was selected. Higher values of this number usually indicate that an area is
more industrial and can benefit more from the addition of green energies. Other areas with
less emissions, on the other hand, are less sensitive to air-quality-related issues. [87] has
studied per capita carbon emissions in the US for different sectors. Total carbon dioxide
emissions on the state levels have been published by [88]. For carbon emissions to be
comparable over a variety of different locations, the emission numbers were divided by
the population of each state as given by the US Census Bureau to find the per capita
carbon emissions. Naturally, regions with higher carbon emissions find renewable energies
more desirable.
3.1.7. Water Footprint
Many parts of the world are currently struggling with water shortages, and with the
passing of time, providing safe water sources will become a more prominent issue as a
result of global warming. The water footprint of power plants comes from the water used to
process the fuels (irrigation of crops, mining operations, etc.), transportation, construction
of the facilities, evaporated water in the process of cooling, and, in the case of hydropower,
direct water usage.
The water footprint is one of the reliable metrics for quantifying water consumption
and is defined in the literature as the total volume of water required for a unit of energy
to be generated. Estimates for the water footprint of different electric technologies are
given in the works of [60,85,89,90], the latter of which is used in the current study where
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water consumption is given in units of m3 /GJ. The data for biomass are from [91] as it was
missing from the previous study.
3.1.8. Regional Freshwater Withdrawal
To address the state of water availability, the percentage of freshwater withdrawal
over the total available fresh water was chosen. This index show how much each area is
stretching its available water resources. The lower the value of this index, the less of a
concern water supply would be. Regions with higher water availability are less sensitive to
energies with a higher water footprint, and it is important for current regional freshwater
availability, renewable water sources, freshwater withdrawal, and water demand to be
considered. While there are regional documents on water consumption that describe the
resources in detail, such as the report by [92], the more comprehensive but lower level
data given by [93] were used in this study. Using the available data, annual freshwater
withdrawal rates in each region were found. Available annual renewable water sources
in each region were also found. Finally, the percentage ratio of freshwater withdrawal to
freshwater availability was found for each location. Higher withdrawal numbers show
more stress on available water supplies, and such regions prefer technologies with lower
water footprints.
3.1.9. Land Use
One of the important factors in the sustainability of energy sources is their land
footprint (or sea and ocean usage for offshore technologies). The land used by power plants
could have been used more productively by other activities such as farming or building
accommodations. In many cases, the potential construction site for power plants used to
contain vegetation and various types of wildlife. Any construction work in these areas
disrupts the natural habitat. In addition, aside from the land directly occupied by the
power plant, the spacing required around it should also be considered in the figures. In the
literature, different methods of estimating the spacing for different electricity production
methods have been noted. One advantage of aquatic technologies over their terrestrial
counterparts is the fact that the turbines are usually spaced more closely together, reducing
the land footprint. Aside from the land directly used by the power plant, the additional
land that it renders inhabitable or otherwise unusable should be included in the land
footprint as well. For example, growing crops to be used as biofuels contributes to the food
crisis, and continuous cultivation of a similar crop can have adverse effects on soil health.
In the case of hydropower, the large areas behind the reservoir that are flooded become
uninhabitable. As another example, nuclear reactors require storage facilities, which add to
their land use. In [94], the authors found that although renewable energies may require
more direct land, their life cycle land footprint can be lower than their non-renewable
counterparts. The authors in [95] have also looked at land usage (in the unit of M2 /GWh)
as part of their studies on the effects of climate policy on natural habitats. Since their data
have been measured firsthand, and they give the lower and higher bounds, their research
has been the basis of the land-use data used here. In addition, due to the unavailability
of data, it was assumed that the land usage of onshore and offshore wind turbines is the
same. In practice, offshore wind turbines are more efficient but require more elaborate
transmission lines. In addition, the median was once again assumed to be the arithmetic
mean of the minimum and maximum values. Land footprint is where renewable energies
fall short of fossil fuels as their impact on land is usually considerably larger.
3.1.10. Regional Available Land
The availability of land (km2 ) is also another environmental factor considered in
portfolio analysis. Usually, to find the available land to be utilized by power plants, first,
the total available land not occupied by cities and industries should be estimated. Next,
the smaller areas and the ones with inappropriate slopes should be eliminated for the total
usable land to be found. This is clearly not an easy task and providing the data can prove
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difficult. For this reason, in this study, the available land is defined as the total available
land, whether occupied or not, and land slope has not been accounted for.
The availability of land per region has been documented in many research projects
such as [96] where the land use has been reported per each US state. Based on this data,
the percentage of available land that can be used for construction of power plants was
calculated by subtracting the percentage of urban areas and croplands. This number
was then multiplied by the total land area of the region given in [97] to find the total
available land.
3.2. Economic Impact
When comparing the newer renewable energies to non-renewables, it should be noted
that renewable energies often have higher upfront costs, but their annual costs are cheaper.
For this reason, in addition to the capital cost of technologies, their annual operation and
maintenance costs should also be taken into account. In addition to these costs, the cost of
the power plant’s fuel should also be considered. Overall, to calculate the levelized cost
of energy, the overnight investment costs, recovery costs, tax rates, depreciation, capacity
factor of plants, operation and maintenance costs, discount rates, and operation times
should all be taken into consideration. Furthermore, the changes in the discount rates
should also be studied as some technologies might not be economically feasible in the
case of lower discount rates. Finally, the costs incurred because of delays in construction,
interruptions in the operation, and profit losses when the plant is non-operational is another
economic factor worthy of consideration. For the purpose of this study, the levelized cost
of energy (LCOE) was chosen as the main factor as it incorporates most of the items
described above.
3.2.1. Levelized Cost of Energy
In [59], the authors provide one of the most comprehensive publicly available databases
on levelized cost of energy (LCOE) in the US and is the main source of prices in this study.
However, not all the data in this database include every type of operation and maintenance
costs. Furthermore, the major limitation with this price database is the fact that its raw data
were obtained from multiple sources, and therefore, not all the assumptions are necessarily
consistent. Unless studies on levelized cost of energy become more transparent, these
issues will continue to persist in the databases.
In order for the LCOE to be calculated, first, the capital recovery factor (CRF) must be
calculated using Equation (3). CRF is the conversion factor of the capital expenditures to
annual payments and is dependent on the discount rate (D) and the lifetime of investment
(N), which are assumed to be 7% and 30 years, respectively.
CRF =

D (1 + D ) N
(1 + D ) N − 1

(3)

LCOE in $/kWh is next determined by Equation (4). Aside from the capital costs
($/kW) and the fixed and variable operation and maintenace costs ($/kW and $/MW),
LCOE depends on CRF, tax rate (τ = 39.2%), depreciation value of each technology
(DPV ), fuel price ($/MMBtu), and heat rate ($/MMBtu) if applicable. Heat rate is defined
here as the efficiency of the power plant to generate energy from electricity. LCOE is
the minimum price that the electricity companies need to charge in order to cover all
their expenses.
LCOE =

Capital Cost × CRF × (1 − τDPV )
Fixed O&M
+
8760 × Capacity Factor × (1 − τ )
8760 × Capacity Factor

+

variable O&M
kWh
1000 MWh

+

Fuel Price × Heat Rate
BTU
1000000 mmBTU

(4)
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3.2.2. Regional GDP
Economic factors are important to show if the location in question is capable of funding
the projects or not. GDP is the first and most comprehensive economic index that comes to
mind which includes factors such as income, imports, and exports. GDP also helps put the
cost of energy production into perspective. The use of GDP gives more insight about how
economically affordable each alternative may seem to each region based on their level of
economic power. Regions with higher GDPs will have more freedom in choosing energy
technologies regardless of the associated costs. The authors is [98] give the annual GDP by
state in millions of dollars in 2020 prices. When vastly different locations are compared, the
use of GDP alone can be misleading as larger states or countries are likely to have higher
GDPs. To eliminate the size, the index of economic power can also be defined as per capita
GDP ($/cap).
3.2.3. Average Age of Power Plant Before Retirement
Another important aspect in the economic analysis of a project is its lifespan. In [99],
the authors list the average age of power plants in years in the United States based on their
fuel type. Naturally, longer lifespans reduce the effects of initial costs over time and are
more desirable in terms of economics.
3.2.4. Regional APR Rates
Just like GDP for LCOE, the APR rate in each region makes it easier to decide about
the lifespan of each alternative. Regions with higher APRs indicate higher investment risks
and normally prefer shorter project time frames as a result. In [100], the authors offer a
comprehensive list of APR rates by state in the United States.
3.2.5. Additional Economic Factors
Aside from what was mentioned before, additional factors can also be considered to
better convey the stability of markets in a given region. Circularity of goods is one of these
factors that shows the percentage use of locally sourced commodities to total commodities
used in a certain industry. Higher circularities show higher levels of self-sufficiency and
can be important in sourcing fuel for power plants. Resilience of supply chains towards
disruption can be another potential factor. A region that relies on multiple supply providers
is more resilient, and the industries using those supplies will be more desirable. The
Shannon Diversity Index can be used to describe the level of resilience. The importance of
a state in the economic market can also be shown through the dependence of other regions
on that market. This can be shown by finding what percentage of the resources are being
supplied by each source. Likewise, the number of regions that supply a resource is the
perfect complement to the dependency. In the electricity market in particular, if a region is
the main supplier of electricity to the neighboring areas, the stakeholders are more likely
to prioritize production and economic, and technical factors over their environmental or
social counterparts. If closer analysis of market prices is needed, factors such as maximum
interest rates, average regional electricity prices, land value, minimum wage salary, and
the cost of fuel for different types of power plants can also be considered as additional
factors. This study however, has omitted these factors entirely for the benefit of an easier
data collection process.
3.3. Social Impact
When studying the sustainability of electricity sources, the social aspect is often overlooked in favor of more mainstream issues such as emissions and finances. As a result, few
articles have considered the social factors. Even the best of technologies have to be accepted
in a society before being implemented, hence the importance of considering people’s beliefs
about certain electricity generation technologies, the urban myths and misconceptions
regarding them, and the biases. This level of preparedness in each community in case of a
hazardous event is partially determined by the social conditions governing that community,
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which itself is affected by the industries and technologies present in the region. Politically,
the use of some technologies might yield other long- or short-term advantages for certain
individuals or societies which can be one of the deciding factors in policy making and in
determining which electricity generation technologies are to be used. Finally, the operation
of power plants creates direct and indirect jobs which are an income source to the society.
However, at the same time, the operation of plants is inherently hazardous, causing injuries
or fatalities to workers at times. Since the opinion of people towards each electricity generation technology is not easy to scientifically quantify, the chosen social factors in this paper
are the ones that were easier to define and measure.
3.3.1. Fatalities
To calculate the fatalities associated with each electricity generation technology per
each GW of electricity, ref. [53] divided the yearly fatality rates given in [101] by the netrated power capacity given by [59] (TCD). Since TCD directly includes the fatality rates
per each GigaWatt of energy per year, instead of the method described in the literature,
this research uses the TCD data. However, the majority of this data is the average for all
OECD countries and using it for the US can be inaccurate. That said, the results are more
comprehensive than other similar research. This is the basis for the choice of using them in
the current article. The other area where this data fall short is that it does not consider subtechnologies. As such, the results are more or less the average across all sub-technologies.
Furthermore, due to the lack of data, as suggested by [53], it was assumed that the fatality
rates of CSP are similar to that of geothermal. Just as before, the data for fuel cells are also
assumed to be similar to natural gas.
Overall, while the fatality rates of renewable energies are generally lower than the
other technologies, the overall fatality rates seem to be mainly directed to the size of the
power plant rather than the technology being used. In addition, the minimum and median
fatality rates for nuclear power are relatively small, making it look like a safe alternative,
but in the case of a nuclear catastrophe, the maximum mortality rate of nuclear energy is
higher than the other technologies by at least two orders of magnitude.
3.3.2. Regional Social Vulnerability Index (SVI)
The vulnerability of a community towards natural hazards and its ability to prevent
or subdue suffering in case of disasters is summarized in the Social Vulnerability Index
(SVI). Social vulnerability is also a measure of a community’s preparedness to respond to
a hazardous event such as outbreaks, droughts, chemical and nuclear spills, and power
plant failures. SVI can also be used to determine the amount of emergency supplies that
need to be allocated to a region after a disaster or to help plan evacuation routes. One of
the most well-known of these indexes, is the SVI index developed jointly by the Centers for
Disease Control and Prevention (CDC) and the Agency for Toxic Substances and Disease
Registry (ATSDR) based on 15 US Census variables such as income levels, education,
disability, housing types, vehicle access, race and age groups among other variables [102].
The data for the SVI index is available online for the US states on county and census tract
levels [103]. SVI is measured by ranking the performance of each location in each theme
and constructing its percentile rank [104]. To improve the index, ref. [105] expanded SVI
by considering more factors, using principal component analysis based on the influence
of each of the factors, and proposing the improved SoVI index at county levels. In this
study, the weighted average of these numbers as a function of county area was calculated
to construct the overall SoVI of a state. The numbers were then scaled to the 0 to 1 range
with higher numbers showing more social vulnerability. It must be noted that SoVI values
are comparative, and single values cannot be used on their own.
3.3.3. Jobs Created
Recently, the number of jobs created was listed in studies as a tangible social metric for
each technology. It is widely agreed that the technologies with a higher number of created
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jobs are more acceptable both socially and politically. In [106], the authors employ a model
proposed by NREL to estimate the ranges of full-time equivalent (FTE) employment rate of
each technology. The only exception to this was the employment rate of nuclear technology
that was taken from [107]. The employment rates account for direct jobs as the result of
construction and operation of facilities, as well as indirect jobs along the supply chain as
third-party individuals or companies produce services, goods, and resources beneficial
to the power plant. In addition, induced jobs as the result of the money from direct and
indirect jobs being spent locally are also considered in the data. The final numbers are
reported in terms of the number of jobs created per each GWh of generated electricity. Due
to the unavailability of data, the number of created jobs for oil and fuel cells was assumed
to be equal to that of natural gas.
3.3.4. Regional Unemployment Rate
The unemployment rate was chosen to put the job creation data in each region into
perspective as regions with a higher unemployment rate will be more concerned with the
social aspects of energy technologies and the number of new jobs they create rather than
the environmental aspects of power generation. The unemployment rate was found based
on the data reported by [103].
3.3.5. Regional Politics
While the social repercussions of electricity generation technologies are an important
factor in how attractive they are perceived to be, in the end the general policies involving
their utilization is set by the political parties in power. As such, the percentages of House
and Senate legislators belonging to each of the major political parties in each state as
reported by [108] were recorded. This has been included because each of these parties has
its own definition of sustainable energies which in turn will be reflected in the policies and
regulations they pass. Furthermore, the statewide comprehensive energy plans [109] and
the existing capacities of traditional and renewable electricity generation [110] were noted
as additional factors of social preference, and as additional evidence of regional electricity
generation preferences.
3.3.6. Additional Social Factors
Leakage risk can be considered by compiling a list of oil and gas leakage incidents in
the region. Additionally, a list of accidents related to power plants can provide a vision on
the overall safety of the technologies and the threat they pose to the society. Finally, the
pollution rate of the power plants can optionally be considered. This is important due to the
fact that in most studies, only the carbon emissions are considered which results in other
forms of pollution such as deterioration of water supplies, air pollution, or disfiguring
natural landscapes, being omitted. Of course, in these factors, the number of incidents and
their intensity, rather than the amount of pollution, are the main point.
3.4. Technical Impact
Technical factors are mainly concerned with the efficiency and reliability of each
technology to deliver electricity. One of the major technical disadvantages of renewable
energies as is discussed below is their intermittency and lack of ability to match generation
at the time of demand. The capacity factor of plants is another method of evaluating the
reliability of each technology. Other factors that can potentially be included in future
research when reliable data for them are released include the fluctuations in the fuel price
to show the distortions in the supplies, the lifetime of plants, the need for periodic repairs
and refurbishments, the time lag between planning and the operation of each plant, and the
safety of each technology. The efficiency of transmission lines (in addition to the efficiency
of the plant) is also another potential factor that can be considered in future studies.
To address the technical side of energy usage, the available resources in each location
were chosen as the most important factor in the analysis. In [111], the authors provide an

Sustainability 2022, 14, 4506

18 of 28

excellent resource availability study that highlights the most vital factors determining the
potential of green energies in a region. Available regional technology is another factor that
has been considered through various tech and science indexes. In addition, for widespread
energies, the existing infrastructure was considered a resource as it can influence further
decision making about energy portfolios. While factors such as intermittency and capacity
are important, they are secondary issues if the technology or resources for energy generation
are not available in a region.
3.4.1. Resource Availability
When it comes to the resources required for electricity generation, due to inherent
differences of energy technologies, various variables need to be considered depending on
the electricity type.
•

•

•

•

•

•

•

•

•

Solar PV and CSP: For solar energy, the availability of regional silicon, gold, copper,
and lithium reserves [112] were considered to show how reliant on raw materials a
region is in order to locally manufacture solar panels. In terms of generation potential,
average temperature [113], daily solar radiation [114] and annual sunshine hours,
and mean elevation were chosen. Finally, for the specific case of CSP, the number of
regional commercial and private airports [115] was also considered to account for the
possible blinding effect of the mirrors in these installations.
Onshore and Offshore Wind: The potential of wind energy generation is mainly a
function of onshore and offshore wind speed [50,116]. The minimum and maximum
wind speeds that a wind turbine can capture effectively were also considered, and all
locations met these requirements. For the particular case of offshore wind, the length
of coastlines [117] were also considered.
Geothermal: For the generation of geothermal energy, the main resources are the
earth’s crust’s temperature and the availability of a proper aquifer. For this reason, the
favorable range of geothermal reservoirs [118], regional freshwater withdrawals, and
available renewable water sources [93] were considered.
Hydropower: Dam elevation, stream flow discharge, and land slope are the main
driving factors of hydropower. Aside from the size of the largest regional dams as well
as annual, and seasonal stream flows [119], the elevation range of the region was also
considered as a measure of the land slope. Elevation range was used since calculation
of slope needs to be carried out in a specific direction, whereas elevation is a relative
measure. Additionally, the number of notable prior dam failures [120] were recorded
as a measure of how safe hydropower can be in the face of natural disasters.
Nuclear Power: For nuclear power, an inventory of regional uranium and plutonium
reserves was compiled [112]. However, none of the southeastern US states house any
of these repositories. In addition, the number of nuclear materials storage sites [121]
and spent fuel disposal sites [122] were also considered.
Coal: With the technology of coal power plants being widely available, the main
restriction in their use is the availability of coal itself as the fuel. For this reason,
the actual recoverable reserves at production mines, estimated recoverable reserves,
and demonstrated potential reserve base [62] were taken into account as measures
of resources.
Oil: With the southeast US deprived of oil reserves and near zero current production rates, the undiscovered onshore and offshore technically recoverable oil
resources [123] were noted as the oil fuel resources.
Natural Gas: Similar to oil, with the absence of prominent natural gas fields in the
southeast US, the discovered shale gas repositories, as well as existing natural gas
processing plants [124] were considered as available resources.
Biomass: While technically a wide range of biofuels can be used in biomass plants, the
sources of energy were limited to wood and dead plants. Thus, the available regional
wood stocks as the percentage of forest cover [125], the percentage of land used for
plantation crops [96], as well as per capita waste generation and composition [126]
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were recorded. For a more in-depth study, Ref. [43] gives a comprehensive list of crops
that can be used for bioenergy generation and the level of emission abatement that
each one offers. On the other hand, Ref. [127] provides a list of acreage of each crop
per US state. As such, a metric of total potential emissions abatement can be found by
taking the weighted average of possible abatement with respect to the percentage of
each crop available to a specific region.
3.4.2. Science and Technology Index
Aside from the availability of fuel and resources, the availability of each technology
should also be considered. This has been achieved by documenting state technology and
science indexes and state research and development index, as well as the state technology
and science workforce indexes [128]. Additionally, the number of local colleges and universities [129] were also considered as institutions that work towards scientific advancement of
energy technologies.
3.4.3. Capacity Factor
In addition to the availability of resources and technologies needed for energy generation, the intermittency of the existing power network can potentially be considered. One
of the issues with green energies is that at a single location and at a given time, it is not
possible to guarantee their power production. Some green energy sources are more predictable than others. Tidal energy is more predictable than solar for instance. The higher the
intermittency of a technology, the more the need for backup generators or alternate sources
of energy. However, with all the green energies combined over a larger geographical
region, their intermittency drastically decreases as each energy can cover for the other ones.
Therefore, intermittency is dependent both on the energies being used and the electricity
mix in a power grid. Intermittency can be reduced by geographically dispersing energy
sources, load smoothing, energy storage, and reliable weather forecasting.
Since it is complicated to quantify intermittency, reliability or capacity factors of power
plants can be used instead. The capacity factor of each power plant is described as the ratio
of its actual power production to its nominal capacity. The capacity factor is dependent on
the down-time of the power plant due to reliability issues, maintenance, weather conditions,
fuel availability, and electricity conversion mechanisms. Since the capacity factor is not a
constant number, its annual average is usually reported. The capacity factors of different
power plants can range from 18% for solar PV up to 95% for geothermal and nuclear
energies. Generally, based on the data provided in [53], renewable energies have lower
capacity factors and as such they are not suitable for peak-time electricity generation and
need to be used along with non-renewable types.
3.5. Summary of Chosen Factors
Table 1 shows the summary of all the final quantifiable factors and their data sources
across different electricity generation technologies. Of all the mentioned criteria, some
had to be omitted due to lack of reliable data or subjectivity of the chosen criteria. For the
environmental criteria, the adjusted carbon footprint, water footprint, and land footprint
are chosen as the deciding factors. The levelized cost of energy, as well as the average
age of plant retirement, are candidates from the economics criteria. Additionally, for the
social criteria, factors such as fatality rates of each electricity generation technology and
jobs created by each energy were chosen. Finally, for the technical criteria, the capacity
factor of each technology was considered as the main factor. Example data for these factors
have been given in Appendix A.
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Table 1. Energy-related sustainability criteria.
Energy Factor

Unit

Criteria

Data Source

L
L
L

[72,85]
[60]
[95]

L
H

[59]
[99]

L
H

[59]
[106]

H

[53]

Environmental
Adjusted carbon footprint
Water footprint
Land footprint

gCO2eq /kWh
m3 /GJ
m2 /GWh
Economic

Levelized cost of energy
Plant retirement age

$2019 /kWh
Yr
Social

Fatality rate
Job creation

#/GWeq Yr
#/GWh
Technical

Capacity factor

%

L: Lower is better, H: Higher is better.

Although the intrinsic properties of energy technologies are important, it is also
vital to consider the regional characteristics as well. Of all the criteria mentioned before,
those that can be expressed either in quantitative or qualitative ways are summarized in
Table 2. Since some of the qualitative data are essential in understanding the state of an
energy’s usage in a certain area, it is suggested that the regional factors be graded by the
experts in the field, rather than via mathematical means. Among the environmental factors,
carbon emissions, freshwater withdrawal, and available land were chosen. Regional GDP
and APR rates are the indicators for the economic criteria. In terms of social aspects, the
social vulnerability index and unemployment rate are the indicators of choice. In addition,
the political standing and the previous policies have been considered as well. Finally the
regional technical characteristics are captured by looking at the available regional resources,
as well as various science and technology indexes. Resource availability ranges from the
availability of raw materials and fuels, to the existing infrastructure.
Table 2. Location-Related Sustainability Criteria.
Energy Factor

Unit

Criteria

Data Source

L
L
H

[88]
[93]
[97]

H
L

[98]
[100]

L
L

[105]
[103]

Varies
H
H
H
H

See Section 3.4
[128]
[128]
[128]
[129]

Environmental
Carbon emissions
Freshwater withdrawal
Available land

ton/cap
%
km2
Economic

Regional GDP
Regional APR

M$
Yr
Social

Social Vulnerability
Unemployment rate

%
Technical

Regional resource avalability
Tech and science index
R&D index
Technology workforce index
Number of universities
L: Lower is better, H: Higher is better.

Varies
%
%
%
#
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4. Conclusions
In this research, a collection of criteria was compiled to study the sustainability of
energy technologies. Previous research studies have only looked at a few of these criteria.
Thus, the concept of sustainability can still be improved by looking at energy technologies
more comprehensively. Still, the use of all the facets of the aforementioned criteria is not
possible in practice due to gaps in data availability, uncertainties in the quantification of
data, regional characteristics not being included in sustainability studies, and sustainability
indexes having been designed with only a few of the aforementioned criteria in mind. This
research aims to provide a list of the criteria that needs to be included in the definition of
sustainability to elevate it from the traditional carbon-based view. It also serves to identify
RAF as a solid basis for a sustainability index for definitions of sustainability.
4.1. Data Availability and Gaps
Upon studying the literature on the sustainability of energy sources, the first visible
issue with creating a more comprehensive sustainability index is the databases not sharing
the same assumptions. As such, in many occasions, further assumptions were made or
part of the data was estimated based on other technologies. Next, some of the parameters
mentioned in the studies are extremely difficult, if not impossible, to quantify. Variables
such as energy mix intermittency, biases, myths and misconceptions, and wildlife diversity
are examples of these that cannot be expressed in numbers due to their nature or the
ambiguity in their definition. Of course, the inclusion of such variables in sustainability
studies can be greatly beneficial.
Finally, the lack of a comprehensive index or framework for studying sustainability
is noticeable. Most sustainability indexes are concerned only with environmental and
economic aspects of electricity generation, and almost no framework considers other criteria
such as social and technical aspects. Even then, to date, only the RAF index [31] includes
regional resource availability. The omission of such important aspect from sustainability
studies is puzzling.
4.2. Future of Sustainability
Based on the review of sustainability factors presented in this paper, the need for
change in the future of sustainability studies is evident. The previous studies defined
sustainability using only a limited number of criteria that were chosen for their specific
case study. We argue that the definition of sustainability needs to be broader than confining
it to typical criteria such as emissions or cost. In this research, a review of the previous
methods was given, and the criteria presented in them was summarized under the main
four categories of environmental, economic, social, and technical criteria, improving the
previous viewpoint on sustainability as a result. In doing so, only the aspects that could
be quantified were kept. In addition, it was argued that most studies miss the regional
characteristics of the location in which electricity is to be generated. This step is important
as regional characteristics indicate the feasibility of each technology for the specific location
in which they are to be used. Thus, proper location-based factors were also given to
complement each of the electricity generation criteria. Finally, instead of creating a new
index, this study suggests using the RAF index as a basis to build a more comprehensive
definition of sustainability to keep the results relevant and comparable. To improve the
definition of energy sustainability, the following actions are suggested:
•

Studies need to consider additional criteria aside from environmental and economic
factors. Even then, the definition of environmental factors can be enhanced by looking beyond carbon emissions and considering other environmental factors such as
wildlife. Almost no global standards exist for the inclusion of additional criteria and
the variables that need to be considered in each. Thus, it is hoped that the information
provided in this paper is useful for other researchers.
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•

•

•

•

•

Some of the variables can be placed in different categories depending on the point of
view. For example, damages caused due to natural hazards to the power plants can be
looked at from the point of view of environmental emissions, economic costs that arise
from the repairs or outages, or even the social consequences of them. It is inevitable to
include similar variables in each of the criteria; however, caution should be exercised
to keep these variables from skewing the final direction of the sustainability analysis.
Furthermore, it is suggested that a similar number of variables be used in each criteria
to make certain no aspect of electricity generation receives more attention that the
other parts.
The same can be said about the technical resource availability of different energy
technologies. Some technologies share the same resources, thus duplicate items will
be present. Additionally, the researchers need to make certain that either the life-cycle
variables are used, or if not, the variables are not biased towards a certain technology
or a certain resource.
To date, the most comprehensive sustainability indexes are based only on environmental and economic aspects. Ideally, a more comprehensive metric needs to be developed
that considers other aspects of electricity generation as well. The outdated view of
sustainability being analogous to carbon emissions is not the best approach, and a
better index can help change this mentality.
Except for the RAF index, almost no other study takes into account the regional
characteristics of where the electricity technologies are to be used. Naturally, the
sustainability of energy sources are not static and can change based on the regional
and environmental status. As such, studying the concept of sustainability without
considering the regional aspects will not be realistic. The authors suggest treating the
regional values as weights that change the importance of each sustainability criteria.
However, other approaches can also be taken.
Finally, with the plethora of sustainability indexes that are constantly being introduced
via the literature, it is vital for the new works to be based on previous studies. When
possible, they should augment and complete the current indexes, and when not
possible, they should be built based on one of the existing indexes. This way, recording
the assumptions of each method will become much easier, and the findings of each
method can be taken advantage of, while the shortcomings of a method are addressed.

Throughout this paper, a summary of different approaches towards capturing the
essence of energy sustainability was given. Still, no single study manages to present
an all-inclusive approach towards sustainability. It is evident that despite all the recent
studies, a better framework for defining sustainability needs to be developed. The change
in approach towards sustainability can help enhance the understanding of sustainability,
which in turn leads to the design of a better energy portfolio. The current sustainability
studies are limited in their scopes, and the authors hope the provided materials will be
beneficial in future policy- making and sustainability analysis endeavors. However, the
most important outcome of this comprehensive review of sustainability is perhaps to inform
the energy managers, planners, and stakeholders that a renewable energy is not always
green; a green energy is not always sustainable; one energy that may be sustainable in one
location may not necessarily be so in another location.
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Appendix A. Sustainability Criteria Values for Different Electricity
Generation Technologies
Tables A1 and A2 list the numeric values of environmental, economic, social, and
technical sustainability values as expressed in Section 3.5. These numbers describe the
inherent characteristics of electricity generation technologies under the aforementioned
four criteria. Of these, the environmental criteria has been broken down into three subcriteria. The values presented in Tables A1 and A2 can be used to calculate the RAF index.
It should be noted that in some criteria, smaller numbers indicate a better value, while
for others, larger numbers are preferable. RAF has the ability of using both of these data
types without further need for standardization. Of course, for a real case study, these
tables should be matched with a corresponding table of regional characteristics (criteria
presented in Table 2) for the weight and importance of each criteria to be determined. As
such, no general advisement can be given just by considering the inherent characteristics of
electricity generation technologies alone, and the results of regional RAF metrics should be
the main source of comparison.
Table A1. Environmental sustainability criteria values.

Technology

Carbon Footprint
gCO2eq /kWh
Lower Is Better
Min
Median
Max

Land Footprint
m2 /GWh
Lower Is Better
Min
Median
Max

Biomass
Conc. Sol. P.
Solar PV
Wind: Onshore
Wind: Offshore
Hydropower
Coal
Oil
Natural Gas
Nuclear
Geothermal

130
8.8
18
7
8
32
792.8
708
461
62.7
7

4433
340
704
2168
2168
538
83
1490
623
63
33

230
27
48
11
12
39.5
910.9
831
559
96.55
41.5

420
63
180
56
35
2200
1039
953
737
220.1
85

13,116.5
510
1232
2404
2404
1803
325
1490
623
78
248

21,800
680
1760
2640
2640
3068
567
1490
623
93
463

Water Footprint
m3 /GJ
Lower Is Better
Min
Median
Max
20
0.118
0.00064
0.0002
0.0002
0.3
0.079
0.214
0.076
0.018
0.0073

42
1.149
0.1518
0.0007
0.0007
425.15
1.0895
0.702
0.658
0.734
0.3832

64
2.18
0.303
0.0012
0.0012
850
2.1
1.19
1.24
1.45
0.759
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Table A2. Economic, Social, and Technical sustainability criteria values.
Economic

Social

Technical

Technology

LCOE
$/kWh
L

Avg. Lifespan
yr
H

Job Creation
Jobs/GWh
H

Fatality
Fatality/GWeq yr
L

Capacity Factor
%
H

Biomass
Conc. Sol. P.
Solar PV
Wind: Onshore
Wind: Offshore

0.08
0.18
0.27
0.07
0.13

41
40
10
15
15

2.06
2.02
1.47
0.33
0.62

0.0149
0.0017
0.0002
0.0019
0.0064

84
50
22
41
43

Hydropower
Coal
Oil
Natural Gas
Nuclear
Geothermal

0.07
0.07
0.09
0.05
0.08
0.09

70
54
38
38
35
40

0.96
0.66
0.48
0.48
0.47
0.91

0.0027
0.1200
0.0932
0.0721
0.0069
0.0017

87
85
85
85
90
90

H: Higher is better, L: Lower is better.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

Wackernagel, M. The ecological footprint of Santiago de Chile. Local Environ. 1998, 3, 7–25. [CrossRef]
Wackernagel, M.; Onisto, L.; Bello, P.; Linares, A.C.; Falfán, I.S.L.; Garcıa, J.M.; Guerrero, A.I.S.; Guerrero, M.G.S. National natural
capital accounting with the ecological footprint concept. Ecol. Econ. 1999, 29, 375–390. [CrossRef]
Elliott, D. Renewable energy and sustainable futures. Futures 2000, 32, 261–274. [CrossRef]
Chini, C.M.; Stillwell, A.S. The state of US urban water: Data and the energy-water nexus. Water Resour. Res. 2018, 54, 1796–1811.
[CrossRef]
Torcellini, P.; Long, N.; Judkoff, R. Consumptive Water Use for US Power Production; Technical Report; National Renewable Energy
Lab.: Golden, CO, USA, 2003.
Macknick, J.; Newmark, R.; Heath, G.; Hallett, K. Review of Operational Water Consumption and Withdrawal Factors for Electricity
Generating Technologies; Technical Report; National Renewable Energy Lab.: Golden, CO, USA, 2011.
Macknick, J.; Newmark, R.; Heath, G.; Hallett, K.C. Operational water consumption and withdrawal factors for electricity
generating technologies: A review of existing literature. Environ. Res. Lett. 2012, 7, 045802. [CrossRef]
Ackerman, F.; Fisher, J. Is there a water–energy nexus in electricity generation? Long-term scenarios for the western United States.
Energy Policy 2013, 59, 235–241. [CrossRef]
Steinhurst, W.; White, D.; Roschelle, A.; Napoleon, A.; Hornby, R.; Biewald, B. Energy Portfolio Management: Tools & Resources for
State Public Utility Commissions; Synapse Energy Economics Inc.: Cambridge, MA, USA, 2006.
Cappers, P.; Goldman, C.; Kathan, D. Demand response in US electricity markets: Empirical evidence. Energy 2010, 35, 1526–1535.
[CrossRef]
Ervural, B.C.; Evren, R.; Delen, D. A multi-objective decision-making approach for sustainable energy investment planning.
Renew. Energy 2018, 126, 387–402. [CrossRef]
Espey, S. Renewables portfolio standard: A means for trade with electricity from renewable energy sources? Energy Policy 2001,
29, 557–566. [CrossRef]
Chatzimouratidis, A.I.; Pilavachi, P.A. Technological, economic and sustainability evaluation of power plants using the Analytic
Hierarchy Process. Energy Policy 2009, 37, 778–787. [CrossRef]
Jacobsson, S.; Johnson, A. The diffusion of renewable energy technology: An analytical framework and key issues for research.
Energy Policy 2000, 28, 625–640. [CrossRef]
Mai, T.; Mulcahy, D.; Hand, M.M.; Baldwin, S.F. Envisioning a renewable electricity future for the United States. Energy 2014,
65, 374–386. [CrossRef]
Khan, S.; Hanjra, M.A. Footprints of water and energy inputs in food production–Global perspectives. Food Policy 2009,
34, 130–140. [CrossRef]
Biggs, E.M.; Bruce, E.; Boruff, B.; Duncan, J.M.; Horsley, J.; Pauli, N.; McNeill, K.; Neef, A.; Van Ogtrop, F.; Curnow, J.; et al.
Sustainable development and the water–energy–food nexus: A perspective on livelihoods. Environ. Sci. Policy 2015, 54, 389–397.
[CrossRef]
Bazilian, M.; Rogner, H.; Howells, M.; Hermann, S.; Arent, D.; Gielen, D.; Steduto, P.; Mueller, A.; Komor, P.; Tol, R.S.; et al.
Considering the energy, water and food nexus: Towards an integrated modelling approach. Energy Policy 2011, 39, 7896–7906.
[CrossRef]
Memarzadeh, M.; Moura, S.; Horvath, A. Optimizing dynamics of integrated food–energy–water systems under the risk of
climate change. Environ. Res. Lett. 2019, 14, 074010. [CrossRef]

Sustainability 2022, 14, 4506

20.

21.
22.
23.

24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

25 of 28

Payet-Burin, R.; Kromann, M.; Pereira-Cardenal, S.; Strzepek, K.M.; Bauer-Gottwein, P. WHAT-IF: An open-source decision
support tool for water infrastructure investment planning within the water–energy–food–climate nexus. Hydrol. Earth Syst. Sci.
2019, 23, 4129–4152. [CrossRef]
Ringler, C.; Bhaduri, A.; Lawford, R. The nexus across water, energy, land and food (WELF): Potential for improved resource use
efficiency? Curr. Opin. Environ. Sustain. 2013, 5, 617–624. [CrossRef]
Akella, A.; Saini, R.; Sharma, M.P. Social, economical and environmental impacts of renewable energy systems. Renew. Energy
2009, 34, 390–396. [CrossRef]
Angelis-Dimakis, A.; Biberacher, M.; Dominguez, J.; Fiorese, G.; Gadocha, S.; Gnansounou, E.; Guariso, G.; Kartalidis, A.;
Panichelli, L.; Pinedo, I.; et al. Methods and tools to evaluate the availability of renewable energy sources. Renew. Sustain. Energy
Rev. 2011, 15, 1182–1200. [CrossRef]
Arent, D.; Pless, J.; Mai, T.; Wiser, R.; Hand, M.; Baldwin, S.; Heath, G.; Macknick, J.; Bazilian, M.; Schlosser, A.; et al. Implications
of high renewable electricity penetration in the US for water use, greenhouse gas emissions, land-use, and materials supply. Appl.
Energy 2014, 123, 368–377. [CrossRef]
Thunberg, G. No One Is too Small to Make a Difference; Penguin: New York, NY, USA, 2019.
Elavarasan, R.M.; Pugazhendhi, R.; Irfan, M.; Mihet-Popa, L.; Campana, P.E.; Khan, I.A. A novel Sustainable Development Goal 7
composite index as the paradigm for energy sustainability assessment: A case study from Europe. Appl. Energy 2022, 307, 118173.
[CrossRef]
Silva, R.M.; Silva, A.R.; Lima, T.M.; Charrua-Santos, F.; Osório, G.J. Energy Sustainability Universal Index (ESUI): A proposed
framework applied to the decision-making evaluation in power system generation. J. Clean. Prod. 2020, 275, 124167. [CrossRef]
Marquez-Ballesteros, M.J.; Mora-López, L.; Lloret-Gallego, P.; Sumper, A.; Sidrach-de-Cardona, M. Measuring urban energy
sustainability and its application to two Spanish cities: Malaga and Barcelona. Sustain. Cities Soc. 2019, 45, 335–347. [CrossRef]
Shah, S.; Zhou, P.; Walasai, G.; Mohsin, M. Energy security and environmental sustainability index of South Asian countries: A
composite index approach. Ecol. Indic. 2019, 106, 105507. [CrossRef]
McLellan, B.; Zhang, Q.; Farzaneh, H.; Utama, N.A.; Ishihara, K.N. Resilience, sustainability and risk management: A focus on
energy. Challenges 2012, 3, 153–182. [CrossRef]
Ristic, B.; Mahlooji, M.; Gaudard, L.; Madani, K. The relative aggregate footprint of electricity generation technologies in the
European Union (EU): A system of systems approach. Resour. Conserv. Recycl. 2019, 143, 282–290. [CrossRef]
Ahi, P.; Searcy, C. A comparative literature analysis of definitions for green and sustainable supply chain management. J. Clean.
Prod. 2013, 52, 329–341. [CrossRef]
Hosseini, S.E.; Wahid, M.A. Hydrogen production from renewable and sustainable energy resources: Promising green energy
carrier for clean development. Renew. Sustain. Energy Rev. 2016, 57, 850–866. [CrossRef]
Environmental Protection Agency. What is Green power? 2021. Available online: https://www.epa.gov/greenpower/whatgreen-power (accessed on 15 August 2021).
Kuhlman, T.; Farrington, J. What is sustainability? Sustainability 2010, 2, 3436–3448. [CrossRef]
Wiser, R.; Namovicz, C.; Gielecki, M.; Smith, R. The experience with renewable portfolio standards in the United States. Electr. J.
2007, 20, 8–20. [CrossRef]
Yin, H.; Powers, N. Do state renewable portfolio standards promote in-state renewable generation? Energy Policy 2010,
38, 1140–1149. [CrossRef]
Gupta, V.K.; Tuohy, M.G. Biofuel Technologies. Recent Developments; Springer: Berlin/Heidelberg, Germany, 2013.
Liew, W.H.; Hassim, M.H.; Ng, D.K. Review of evolution, technology and sustainability assessments of biofuel production. J.
Clean. Prod. 2014, 71, 11–29. [CrossRef]
Yuan, P.S.; Du, M.A.; Te Huang, I.; Liu, I.H.; Chang, E. Strategies on Implementation of Waste-to-Energy (WTE) Supply Chain for
Circular Economy System: A Review. J. Clean. Prod. 2015, 108, 409–421.
Habagil, M.; Keucken, A.; Sárvári Horváth, I. Biogas production from food residues—The role of trace metals and co-digestion
with primary sludge. Environments 2020, 7, 42. [CrossRef]
Searchinger, T.D. Biofuels and the need for additional carbon. Environ. Res. Lett. 2010, 5, 024007. [CrossRef]
Sims, R.E.; Mabee, W.; Saddler, J.N.; Taylor, M. An overview of second generation biofuel technologies. Bioresour. Technol. 2010,
101, 1570–1580. [CrossRef]
Efroymson, R.A.; Dale, V.H.; Kline, K.L.; McBride, A.C.; Bielicki, J.M.; Smith, R.L.; Parish, E.S.; Schweizer, P.E.; Shaw, D.M.
Environmental indicators of biofuel sustainability: What about context? Environ. Manag. 2013, 51, 291–306. [CrossRef]
Schmidt, T.; Mangold, D.; Müller-Steinhagen, H. Central solar heating plants with seasonal storage in Germany. Sol. Energy 2004,
76, 165–174. [CrossRef]
Sawin, J.L.; Sverrisson, F. Renewables 2014 Global Status Report; Renewable Energy Policy Network: Paris, France, 2015.
Tian, Y.; Zhao, C.Y. A review of solar collectors and thermal energy storage in solar thermal applications. Appl. Energy 2013,
104, 538–553. [CrossRef]
Hoogwijk, M.M. On the Global and Regional Potential of Renewable Energy Sources. Ph.D. Thesis, Utrecht University,
Utrecht, The Netherlands, 2004.
Mabel, M.C.; Fernandez, E. Growth and future trends of wind energy in India. Renew. Sustain. Energy Rev. 2008, 12, 1745–1757.
[CrossRef]

Sustainability 2022, 14, 4506

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.
65.

66.
67.
68.
69.
70.
71.
72.

73.
74.

75.
76.
77.
78.

26 of 28

National Renewable Energy Laboratory. Eastern Wind Data Set. 2010. Available online: https://www.nrel.gov/grid/easternwind-data.html (accessed on 3 April 2022).
Muljadi, E.; Butterfield, C.P. Pitch-controlled variable-speed wind turbine generation. IEEE Trans. Ind. Appl. 2001, 37, 240–246.
[CrossRef]
Esteban, M.D.; Diez, J.J.; López, J.S.; Negro, V. Why offshore wind energy? Renew. Energy 2011, 36, 444–450. [CrossRef]
Klein, S.J.; Whalley, S. Comparing the sustainability of US electricity options through multi-criteria decision analysis. Energy
Policy 2015, 79, 127–149. [CrossRef]
Gunkel, G. Hydropower–A green energy? Tropical reservoirs and greenhouse gas emissions. CLEAN Soil Air Water 2009,
37, 726–734. [CrossRef]
Gibson, L.; Wilman, E.N.; Laurance, W.F. How green is ‘green’ energy? Trends Ecol. Evol. 2017, 32, 922–935. [CrossRef] [PubMed]
Penghao, C.; Pingkuo, L.; Hua, P. Prospects of hydropower industry in the Yangtze River Basin: China’s green energy choice.
Renew. Energy 2019, 131, 1168–1185. [CrossRef]
Energy Information Administration. The World’S Nine Largest Operating Power Plants are Hydroelectric Facilities. 2016.
Available online: https://www.eia.gov/todayinenergy/detail.php?id=28392 (accessed on 3 April 2022).
Steinhurst, W.; Knight, P.; Schultz, M. Hydropower Greenhouse Gas Emissions; Synapse Energy Economics Inc.: Cambride, MA,
USA, 2012.
National Renewable Energy Laboratory. Transparent Cost Database. 2019. Available online: https://openei.org/wiki/
Transparent_Cost_Database (accessed on 3 April 2022).
Mekonnen, M.M.; Gerbens-Leenes, P.; Hoekstra, A.Y. The consumptive water footprint of electricity and heat: A global assessment.
Environ. Sci. Water Res. Technol. 2015, 1, 285–297. [CrossRef]
Jin-ke, L.; Feng-hua, W.; Hua-ling, S. Differences in coal consumption patterns and economic growth between developed and
developing countries. Procedia Earth Planet. Sci. 2009, 1, 1744–1750. [CrossRef]
Energy Information Administration. Recoverable Coal Reserves at Producing mines, Estimated Recoverable Reserves, and
Demonstrated Reserve Base by Mining Method. 2019. Available online: https://www.eia.gov/coal/annual/pdf/table15.pdf
(accessed on 3 April 2022).
Kolstad, C.D. What Is Killing the US Coal Industry? Stanford Institute for Economic Policy: Stanford, CA, USA, 2017; pp. 1–6.
Stanger, R.; Wall, T. Sulphur impacts during pulverised coal combustion in oxy-fuel technology for carbon capture and storage.
Prog. Energy Combust. Sci. 2011, 37, 69–88. [CrossRef]
Saarnio, K.; Frey, A.; Niemi, J.V.; Timonen, H.; Rönkkö, T.; Karjalainen, P.; Vestenius, M.; Teinilä, K.; Pirjola, L.; Niemelä, V.; et al.
Chemical composition and size of particles in emissions of a coal-fired power plant with flue gas desulfurization. J. Aerosol Sci.
2014, 73, 14–26. [CrossRef]
Zhu, H.; Chang, M.; Wang, H. Study on primal CO gas generation and emission of coal seam. Int. J. Min. Sci. Technol. 2017,
27, 973–979. [CrossRef]
Descamps, C.; Bouallou, C.; Kanniche, M. Efficiency of an Integrated Gasification Combined Cycle (IGCC) power plant including
CO2 removal. Energy 2008, 33, 874–881. [CrossRef]
Hubbert, M.K. Hubbert estimates from 1956 to 1974 of US oil and gas. In Methods and Models for Assessing Energy Resources;
Elsevier: Amsterdam, The Netherlands, 1979; pp. 370–383.
Grushevenko, E.; Grushevenko, D. Unconventional oil potential tends to change the world oil market. Energy Sci. Technol. 2012,
4, 68–74.
McKellar, J.M.; Charpentier, A.D.; Bergerson, J.A.; MacLean, H.L. A life cycle greenhouse gas emissions perspective on liquid
fuels from unconventional Canadian and US fossil sources. Int. J. Glob. Warm. 2009, 1, 160–178. [CrossRef]
Burnham, A.; Han, J.; Clark, C.E.; Wang, M.; Dunn, J.B.; Palou-Rivera, I. Life-cycle greenhouse gas emissions of shale gas, natural
gas, coal, and petroleum. Environ. Sci. Technol. 2012, 46, 619–627. [CrossRef]
Schlomer, S.; Bruckner, T.; Fulton, L.; Hertwich, E.; McKinnon, A.; Perczyk, D.; Roy, J.; Schaeffer, R.; Sims, R.; Smith, P.; et al.
Annex III: Technology-specific cost and performance parameters, climate change 2014: Mitigation of climate change. In Climate
Change 2014: Mitigation of Climate Change: Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014.
Peng, X.; She, X.; Li, C.; Luo, Y.; Zhang, T.; Li, Y.; Ding, Y. Liquid air energy storage flexibly coupled with LNG regasification for
improving air liquefaction. Appl. Energy 2019, 250, 1190–1201. [CrossRef]
Weller, Z.D.; Roscioli, J.R.; Daube, W.C.; Lamb, B.K.; Ferrara, T.W.; Brewer, P.E.; von Fischer, J.C. Vehicle-based methane surveys
for finding natural gas leaks and estimating their size: Validation and uncertainty. Environ. Sci. Technol. 2018, 52, 11922–11930.
[CrossRef]
Michalski, M.Ł. Development of nuclear power as an alternative to fossil fuels. Acta Innov. 2019, 30, 38–47. [CrossRef]
Sadekin, S.; Zaman, S.; Mahfuz, M.; Sarkar, R. Nuclear power as foundation of a clean energy future: A review. Energy Procedia
2019, 160, 513–518. [CrossRef]
Aksan, N. An overview on thermal-hydraulic phenomena for water cooled nuclear reactors; part I: SETs, and ITFs of PWRs,
BWRs, VVERs. Nucl. Eng. Des. 2019, 354, 110212. [CrossRef]
Cherp, A.; Vinichenko, V.; Jewell, J.; Suzuki, M.; Antal, M. Comparing electricity transitions: A historical analysis of nuclear,
wind and solar power in Germany and Japan. Energy Policy 2017, 101, 612–628. [CrossRef]

Sustainability 2022, 14, 4506

79.
80.
81.
82.
83.
84.
85.
86.

87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.

100.
101.

102.
103.
104.
105.
106.
107.

27 of 28

Aminov, R.; Shkret, A.; Garievskii, M. Thermal and nuclear power plants: Competitiveness in the new economic conditions.
Therm. Eng. 2017, 64, 319–328. [CrossRef]
Barbier, E. Geothermal energy technology and current status: An overview. Renew. Sustain. Energy Rev. 2002, 6, 3–65. [CrossRef]
Singh, R.K.; Murty, H.R.; Gupta, S.K.; Dikshit, A.K. An overview of sustainability assessment methodologies. Ecol. Indic. 2009,
9, 189–212. [CrossRef]
Energy Information Administration. U.S. States—State Profiles and Energy Estimates. 2019. Available online: https://www.eia.
gov/state/ (accessed on 3 April 2022).
National Conference of State Legislatures. State Renewable Portfolio Standards and Goals. 2021. Available online: https:
//www.ncsl.org/research/energy/renewable-portfolio-standards.aspx (accessed on 3 April 2022).
Wang, J.J.; Jing, Y.Y.; Zhang, C.F.; Zhao, J.H. Review on multi-criteria decision analysis aid in sustainable energy decision-making.
Renew. Sustain. Energy Rev. 2009, 13, 2263–2278. [CrossRef]
Jacobson, M.Z. Review of solutions to global warming, air pollution, and energy security. Energy Environ. Sci. 2009, 2, 148–173.
[CrossRef]
Jacobson, M.Z.; Delucchi, M.A.; Bazouin, G.; Bauer, Z.A.; Heavey, C.C.; Fisher, E.; Morris, S.B.; Piekutowski, D.J.; Vencill, T.A.;
Yeskoo, T.W. 100% clean and renewable wind, water, and sunlight (WWS) all-sector energy roadmaps for the 50 United States.
Energy Environ. Sci. 2015, 8, 2093–2117. [CrossRef]
Apergis, N.; Payne, J.E. Per capita carbon dioxide emissions across US states by sector and fossil fuel source: Evidence from club
convergence tests. Energy Econ. 2017, 63, 365–372. [CrossRef]
Energy Information Administration. Rankings: Total Carbon Dioxide Emissions. 2018. Available online: https://www.eia.gov/
state/rankings/?sid=SC#/series/226 (accessed on 3 April 2022).
Hadian, S.; Madani, K. The water demand of energy: Implications for sustainable energy policy development. Sustainability 2013,
5, 4674–4687. [CrossRef]
Gleick, P.H. Water and energy. Annu. Rev. Energy Environ. 1994, 19, 267–299. [CrossRef]
Gerbens-Leenes, P.; Hoekstra, A.Y.; Van der Meer, T. The water footprint of energy from biomass: A quantitative assessment and
consequences of an increasing share of bio-energy in energy supply. Ecol. Econ. 2009, 68, 1052–1060. [CrossRef]
Wachob, A.; Park, A.; Newcome, R., Jr. South Carolina State Water Assessment; South Carolina Department of Natural Resources:
Columbia, SC, USA, 2009.
Dieter, C.A.; Maupin, M.A.; Caldwell, R.R.; Harris, M.A.; Ivahnenko, T.I.; Lovelace, J.K.; Barber, N.L.; Linsey, K.S. Estimated Use of
Water in the United States in 2015; Number 1441; US Geological Survey: Reston, VA, USA, 2018.
Fthenakis, V.; Kim, H.C. Land use and electricity generation: A life-cycle analysis. Renew. Sustain. Energy Rev. 2009, 13, 1465–1474.
[CrossRef]
McDonald, R.I.; Fargione, J.; Kiesecker, J.; Miller, W.M.; Powell, J. Energy sprawl or energy efficiency: Climate policy impacts on
natural habitat for the United States of America. PLoS ONE 2009, 4, e6802. [CrossRef] [PubMed]
Milesi, C.; Elvidge, C.D.; Nemani, R.R.; Running, S.W. Assessing the impact of urban land development on net primary
productivity in the southeastern United States. Remote Sens. Environ. 2003, 86, 401–410. [CrossRef]
United States Census Bureau. State Area Measurements and Internal Point Coordinates. 2010. Available online: https:
//www.census.gov/geographies/reference-files/2010/geo/state-area.html (accessed on 3 April 2022).
Bureau of Economic Analysis. GDP by State. 2020. Available online: https://www.bea.gov/data/gdp/gdp-state (accessed on 3
April 2022).
Sonnichsen, N. Average Age of Retired Power Plants in the United States between 2000 and 2015, by Fuel Type. 2018. Available
online: https://www.statista.com/statistics/828521/average-age-of-retired-power-plants-by-fuel-type-in-the-us/ (accessed
on 3 April 2022).
Findlaw. State Interest Rate Laws. 2016. Available online: https://statelaws.findlaw.com/consumer-laws/interest-rates.html
(accessed on 3 April 2022).
Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth, K.; Matschoss, P.; Kadner, S.; Zwickel, T.; Eickemeier, P.; Hansen, G.;
Schlömer, S.; et al. IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation; Prepared By Working Group III
of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2011.
Lehnert, E.A.; Wilt, G.; Flanagan, B.; Hallisey, E. Spatial exploration of the CDC’s Social Vulnerability Index and heat-related
health outcomes in Georgia. Int. J. Disaster Risk Reduct. 2020, 46, 101517. [CrossRef]
Center for Disease Control and Prevention. CDC’s Social Vulnerability Index (SVI): A Tool to Identify Socially Vulnerable
Communities. 2018. Available online: http://svi.cdc.gov/ (accessed on 3 April 2022).
Flanagan, B.E.; Gregory, E.W.; Hallisey, E.J.; Heitgerd, J.L.; Lewis, B. A social vulnerability index for disaster management. J.
Homel. Secur. Emerg. Manag. 2011, 8, 1–22. [CrossRef]
Cutter, S.L.; Boruff, B.J.; Shirley, W.L. Social Vulnerability to Environmental Hazards; Routledge: London, UK, 2012.
National Renewable Energy Laboratory. JEDI: Jobs & Economic Development Impact Models. 2014. Available online:
https://www.nrel.gov/analysis/jedi/ (accessed on 3 April 2022).
Kenley, C.; Klingler, R.; Plowman, C.; Soto, R.; Turk, R.; Baker, R.; Close, S.; McDonnell, V.; Paul, S.; Rabideau, L.; et al. Job
creation due to nuclear power resurgence in the United States. Energy Policy 2009, 37, 4894–4900. [CrossRef]

Sustainability 2022, 14, 4506

28 of 28

108. The New York Times. Senate Election Results: GOP Keeps Control. 2017. Available online: https://www.nytimes.com/elections/
2016/results/senate (accessed on 3 April 2022).
109. Missouri Energy Initiative. Implications of State Energy Plans. 2014. Available online: https://www.eenews.net/assets/2014/0
9/29/document_ew_02.pdf (accessed on 3 April 2022).
110. US Energy Information Administration. Total Energy Consumption, Price, and Expenditure Estimates, 2016. 2019. Available
online: http://www.eia.gov (accessed on 3 April 2022).
111. Lopez, A.; Roberts, B.; Heimiller, D.; Blair, N.; Porro, G. US Renewable Energy Technical Potentials: A GIS-Based Analysis; Technical
Report; National Renewable Energy Lab (NREL): Golden, CO, USA, 2012.
112. United States Geological Survey. Minerals. 2020. Available online: https://www.usgs.gov/products/maps/map-topics/
minerals (accessed on 15 June 2021).
113. National Oceanic and Atmospheric Administration. Data Snapshot Details: Average Monthly Temperature. 2021. Available online:
https://www.climate.gov/maps-data/data-snapshots/data-source-average-monthly-temperature (accessed on 7 April 2022).
114. National Renewable Energy Laboratory. Solar Resource Data, Tools, and Maps. 2018. Available online: https://www.nrel.gov/
gis/solar.html (accessed on 3 April 2022).
115. Global Aviation Navigator. United States Airports. 2020. Available online: https://www.globalair.com/airport/state.aspx
(accessed on 3 April 2022).
116. USA.com. U.S. Average Wind Speed State Rank. 2020. Available online: http://www.usa.com/rank/us--average-wind-speed-state-rank.htm (accessed on 3 April 2022).
117. National Oceanic and Atmospheric Administration. The Coastline of the United States; Number v.55 in the Coastline of the United
States; U.S. Department of Commerce, National Oceanic and Atmospheric Administration: Silver Spring, MA, USA, 1975.
118. National Renewable Energy Laboratory. Geothermal Resource Data, Tools, and Maps. 2018. Available online: https://www.nrel.
gov/gis/geothermal.html (accessed on 3 April 2022).
119. United States Geological Survey. Streamflow–Water Year. 2018. Available online: https://waterwatch.usgs.gov/publications/
wysummary/2018/ (accessed on 3 April 2022).
120. Association of State Dam Safety Officials. Dam Failures and Incidents. 2019. Available online: https://damsafety.org/damfailures (accessed on 3 April 2022).
121. Congressional Research Service. Nuclear Waste Storage Sites in the United States. 2020. Available online: https://fas.org/sgp/
crs/nuke/IF11201.pdf (accessed on 3 April 2022).
122. McMahon, J. New Map Shows Expanse of U.S. Nuclear Waste Sites. Forbes, 31 May 2019. Available online: https://www.forbes.
com/sites/jeffmcmahon/2019/05/31/new-map-shows-expanse-of-u-s-nuclear-waste-sites/?sh=aa5cb97c2cf7 (accessed on
3 April 2022).
123. Post, P.; Klazynski, R.; Klocek, E.; DeCort, T.; Riches, T.; Li, K.; Elliott, E.; Poling, R. Assessment of undiscovered technically
recoverable oil and gas resources of the Atlantic Outer Continental Shelf 2011 as of January 1, 2009. Bur. Ocean. Energy Manag.
BOEM 2012, 16, 39.
124. Energy Information Administration. Natural Gas. 2021. Available online: https://www.eia.gov/naturalgas/ (accessed on
3 April 2022).
125. Vogt, J.T.; Smith, W.B. Forest Inventory and Analysis Fiscal Year 2016 Business Report; USDA: Washington, DC, USA, 2017.
126. Center for Sustainable Systems. Municipal Solid Waste Factsheet. 2020. Available online: http://css.umich.edu/factsheets/
municipal-solid-waste-factsheet (accessed on 3 April 2022).
127. United States Department of Agriculture. Crop Production 2020 Summary; Technical Report; USDA: Washington, DC, USA, 2021.
128. Milken Institute. State Tech and Science Index. 2014. Available online: http://statetechandscience.org/state-ranking.html
(accessed on 3 April 2022).
129. US College and University Directory. Colleges and Universities in the United States of America (USA) by State/ Possession.
2013. Available online: http://univsearch.com/state.php (accessed on 3 April 2022).

